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Abstract. The regulatory role of parathyroid hormone 
(PTH)/PTH-related peptide (PTHrP) signaling has 
been implicated in embryonic skeletal development. 
Here, we studied chondrogenic differentiation of the 
mouse embryonal carcinoma-derived clonal cell line 
ATDC5 as a model of chondrogenesis in the early 
stages of endochondral bone development. ATDC5 
cells retain the properties of chondroprogenitor cells, 
and rapidly proliferate in the presence of 5% FBS. In- 
sulin (10 ixg/ml) induced chondrogenic differentiation 
of the cells in a postconfluent phase through a cellular 
condensation process, resulting in the formation of car- 
tilage nodules, as evidenced by expression of type II 
collagen and aggrecan genes. We found that differenti- 
ated cultures of ATDC5 cells abundantly expressed the 
high affinity receptor for PTH (M  r ~'-~80 kD; K d =  3.9 
nM; 3.2 x  105 sites/cell). The receptors on differenti- 
ated cells were functionally active, as evidenced by a 
PTH-dependent activation of adenylate cyclase. Spe- 
cific binding of PTH to cells markedly increased with 
the formation of cartilage nodules, while undifferenti- 
ated cells failed to show specific binding of PTH. 
Northern blot analysis indicated that expression of the 
PTH/PTHrP receptor gene became detectable at the 
early stage of chondrogenesis of ATDC5 cells, preced- 
ing induction of aggrecan gene expression. Expression 
of the PTH/PTHrP receptor gene was undetectable in 
undifferentiated cells. The level of PTH/PTHrP recep- 
tor mRNA was markedly elevated parallel to that of 
type II collagen mRNA. These lines of evidence sug- 
gest that the expression of functional PTH/PTHrP re- 
ceptor is associated with the onset of chondrogenesis. 
In addition, activation of the receptor by exogenous 
PTH or PTHrP significantly interfered with cellular 
condensation and the subsequent formation of cartilage 
nodules, suggesting a novel site of PTHrP action. 
I 
T has  been  suggested  that  when  limb  mesenchymal 
cells move away from the influence of the apical ecto- 
dermal ridge,  their cAMP content increases, trigger- 
ing  chondrogenic  differentiation  (38).  The  response  of 
limb mesenchymal cells to dibutyryl cAMP is a responsive 
property of the cells, which changes temporally and spa- 
tially during limb differentiation (57). Elevation of cAMP 
content of the subridge mesenchymal cells precludes the 
necessity of cells passing through a condensation phase be- 
fore overt cartilage formation (38). Thus, the increase in 
intracellular cAMP is hypothesized to be a key cellular re- 
sponse to cellular condensation that is a prerequisite for 
limb chondrogenesis (46, 49). 
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We  previously  reported  that  parathyroid  hormone 
(PTH) 1 stimulates  sulfate  incorporation  into  cartilage- 
characteristic  proteoglycans followed by elevation of in- 
tracellular  cAMP in  primary growth plate  chondrocytes 
(23, 59, 60). This stimulation of sulfate incorporation was 
mainly caused by elongation of glycosaminoglycan chains 
rather than increased synthesis of proteoglycan core pro- 
tein (23). Chondrocytes respond to PTH through the ade- 
nylate cyclase-coupled surface receptor, whose molecular 
mass was determined  to be N80 kD by chemical cross- 
linking  (22).  Cell-surface  expression  of  the  receptor  is 
1. Abbreviations used in this paper, b, bovine; BMP, bone morphogenetic 
protein; EC, embryonal carcinoma; HSAB, N-hydroxysuccinimidyl-4-azi- 
dobenzoate; MIX, 1-methyl-3-isobutylxanthine; PKA, PKC, protein ki- 
nase A, protein kinase C; PTH, parathyroid hormone; PTHrP, parathy- 
roid hormone-related peptide. 
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netic protein (BMP) in association with chondrocyte mat- 
uration (22). In a previous study, PTH stimulated prolifer- 
ation of primary growth plate chondrocytes isolated from 
rabbit  ribs  (36).  PTH  shares  a  common  receptor  with 
PTH-related peptide (PTHrP), which was originally iden- 
tified as a  causative agent of humoral hypercalcemia of 
malignancy (30,  31,  55).  Unlike PTH, the expression of 
PTHrP has been demonstrated in a  variety of fetal and 
postnatal tissues in normal animals (8, 50). The tissue dis- 
tribution of PTHrP  and its receptor suggests that PTH/ 
PTHrP may play a role as a paracrine regulator of cellular 
growth and differentiation, and that it is involved in epi- 
thelial-mesenchymal  interactions  during  early  embryo- 
genesis  (42,  62,  63).  Transgenic  mice  that  overexpress 
PTHrP provided evidence for its role in hair follicle devel- 
opment (64). 
Mice homozygous for the PTHrP null mutation exhib- 
ited widespread abnormalities of endochondral bone de- 
velopment with no effect on intramembranous bone for- 
mation (4, 32). The absence of morphological abnormalities 
in other tissues indicates the critical importance of PTH/ 
PTHrP  signaling in  embryonic chondrogenesis  and  the 
subsequent replacement of cartilage by bone. Mechanisms 
regulating chondrogenic differentiation have been  eluci- 
dated mainly by using mesenchymal cells isolated from 
chick limb buds. One of this paper's authors (T. Atsumi) 
previously  established  a  chondrogenic  clonal  cell  line, 
ATDC5, isolated from mouse embryonal carcinoma (EC) 
cells (5). Assuming a fibroblastic shape, ATDC5 cells rap- 
idly proliferate to form a confluent monolayer until growth 
ceases as a result of contact inhibition. Supplementation of 
culture medium with insulin, however, induces typical cel- 
lular condensation before overt chondrogenesis. The high 
frequency of conversion of cells to chondrocytes enabled 
us to readily monitor the differentiation stages of the cells 
in molecular and biochemical terms. Taking advantage of 
inductive chondrogenesis in vitro, we correlated establish- 
ment of the PTH/PTHrP-signaling system with the initial 
stage of endochondral bone formation. Moreover, the po- 
tential role of PTH/PTHrP actions on cellular condensa- 
tion is also discussed. 
Materials and Methods 
Cell Lines and Culture Conditions 
ATDC5 cells were cultured in the maintenance medium consisting of a 1:1 
mixture of DME  and Ham's F-12 medium (Flow Laboratories,  Irvine, 
U.K.) containing 5%  FBS  (GIBCO  BRL, Gaithersburg, MD), 10 i-~g/ml 
human transferrin (Boehringer Mannheim GmbH, Mannheim, Germany), 
and 3 ×  10  -8 M sodium selenite (Sigma Chemical Co., St. Louis, MO), as 
previously described (5). Inoculum size of the cells was 2 ×  104 cells/well 
in a 24-multiwell plate, 4 ×  104 cells/well in a 12-multiwell plate, or 6 ×  104 
cells/well in a 6-multiwell plate (Coming, Coming, NY). For induction of 
chondrogenesis, the cells were cultured in maintenance medium supple- 
mented with 10 Ixg/ml bovine insulin (Wako Pure Chemical, Osaka, Ja- 
pan); we refer to this medium as differentiation medium. Cells were main- 
tained at 37°C in a humidified atmosphere of 5% CO2 in air. The medium 
was replaced every other day. In some experiments, the cells were cultured in 
maintenance medium supplemented with 300 ng/ml human recombinant 
insulin-like growth factor-I (rhIGF-I (GIBCO BRL)) instead of insulin. 
To determine the growth curve, ATDC5 cells were inoculated in 24- 
multiwell plates and cultured in maintenance medium or differentiation 
medium containing insulin (10  ~g/ml). The cells were then rinsed with 
PBS twice, treated with trypsin, and counted with a hemocytometer. On 
day 10 of culture or later, the number of cells was corrected according to 
the DNA content of the culture, since differentiated ATDC5 cell aggre- 
gates that formed failed to dissociate by trypsinization. Determination of 
the DNA content was performed by the method of Johnson-Wint (27). 
Receptor Binding of [125I]PTH(1-34) 
ATDC5 cells were grown in 24-multiwell plates. [Nle  8, Nle TM, Tyra4]bovine 
PTH-(1-34) amide (bPTH(1-34); Bachem, Torrance, CA) was labeled by 
the chloramine-T method as previously described (55). The resultant 125I- 
labeled btrFH(1-34)  ([125I] bPTH(1-34); 2,200 Ci/mmol) was purified by 
reverse-phase HPLC on a  ixBondasphere C18 column (Waters, Milford, 
MA). To monitor the appearance of specific binding sites, ATDC5 cells 
were cultured in differentiation medium. After the indicated times in cul- 
ture, the cells were rinsed with binding buffer containing 50 mM Tris-HCl 
(pH 7.7), 100 mM NaCl, 5 mM KC1, 2 mM CaCl  2, 5%  heat-inactivated 
horse serum and then incubated at 15°C for 4 h in the same buffer contain- 
ing [125I]bPTH(1-34)  (17 pM) (54). Cells were then rinsed five times with 
ice-cold binding buffer, and the cell-associated radioactivity was counted 
after cell lysis with 0.2 M NaOH. Nonspecific binding was assessed by the 
addition of 1 I-~M bPTH(1-34). For saturation analysis, [125I]bPTH(1-34) 
with a low specific activity (220 Ci/mmol) was prepared by iodination of 
bPTH(1-34) with a mixture of NaJ27I and Na125I at a molar ratio of 9:1 (54). 
For saturation studies, cells were incubated with varying concentrations of 
[125I]bPTH(1-34) with a low specific activity for 4 h at 15°C under condi- 
tions otherwise identical to those described above. Equilibrium binding 
data from the saturation experiments were  analyzed by the method of 
Scatchard. 
Binding components for bPTH(1-34) were covalently cross-linked with 
[125I]bPTH(1-34)  photochemically as previously described  (55).  Briefly, 
ATDC5 cells cultured for 3 wk were rinsed once with binding buffer, and 
incubated in the same buffer containing 800 pM [125I]bPTH(1-34)  in the 
presence or absence of 1  I~M bPTH(1-34)  for 4  h  at  15°C.  Cells were 
rinsed three times with ice-cold PBS, reincubated at 4°C with PBS, and 
then reacted in the dark with 0.5 mM N-hydroxysuccinimidyl-4-azidoben- 
zoate (HSAB; Pierce, Rockford, IL) for 10 min followed by photolysis for 
20 min at 4°C. The cells were mixed with SDS sampling buffer and heated 
at 80°C for 20 min. Aliquots were subjected to SDS-PAGE analysis on 
5-15% linear gradient gels and subsequent autoradiography. 
Measurement of  Adenylate Cyclase  Activity in 
Response to PTH(1-34) 
Stimulation of cAMP accumulation in ATDC5 cells was assayed by  a 
modification of the method described previously (55).  Briefly, ATDC5 
cells were plated in 24-multiwell plates. Cells were rinsed once with Ham's 
F-12 medium (Nissui, Tokyo, Japan) containing 25 mM Hepes (pH 7.65, 
22°C) and 0.1%  (wt/vol)  heat-inactivated BSA, and then incubated for 
30 min at  room temperature  in the above medium containing 0.5  mM 
1-methyl-3-isobutylxanthine (MIX; Sigma) and various concentrations of 
bPTH(1-34). The reaction was terminated by addition of ice-cold HCI to a 
final concentration of 0.1 M. The samples were boiled for 3 min to extract 
cAMP and then diluted with distilled water. Total cAMP in the cell layer 
and  medium was  determined  by  radioimmunoassay as  previously de- 
scribed (55). 
RNA Extraction and Hybridization Analysis 
ATDC5 cells were inoculated in six-multiwell plates and cultured in dif- 
ferentiation medium. Total RNA was prepared from the cultures by a sin- 
gle-step method according to Chomczynski and Sacchi (11).  Total RNA 
(20 ~g) was denatured with 6% formaldehyde, separated by 1% agarose 
electrophoresis,  and  transferred  on  Nytran  membranes (Schleicher  & 
Schuell, Dassel, Germany).  Hybridization was performed overnight  at 
42°C with an appropriate probe (106 cprn/ml) in solutions containing 50% 
formamide, 6× SSPE (2× SSPE contains 0.3 M NaC1, 20 mM NaH2PO4, 
2 mM EDTA at pH7.4), 0.2% BSA, 0.2% Ficoll 400, 0.2% polyvinylpyr- 
rolidone, 0.1% SDS, and 100 ~g/ml denatured salmon sperm DNA. Hy- 
bridization probes were prepared by the random-primer method with a 
BcaBEST labeling kit (Takara, Otsu, Japan) using the appropriate cDNA 
fragments: a 1.4-kb EcoRI fragment of pKT1180 (34) as a probe for al(II) 
collagen mRNA; a 1.4-kb EcoRI fragment of p1310 (13) as a probe for ag- 
grecan mRNA; and a 2.2-kb EcoRI-XhoI fragment of pcDNAIR15B (3) 
as  a  probe  for  PTH/PTHrP  receptor  mRNA. The filters were  washed 
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X-OMAT film (Eastman Kodak Co., Rochester, NY) at  -80°C with a 
Cronex lightening plus intensifying screen (DuPont, Boston, MA). For 
slot-blot hybridization analysis, RNA (4 or t  p.g) was isolated and dena- 
tured with 6%  formaldehyde and applied to Nytran membranes with a 
Schleicher &  Schuell Manifold II slot-blot apparatus. Quantification was 
performed by scanning densitometry of the autoradiographs with a Hoe- 
fer  GS-300  scanning densitometer (Hoefer  Scientific  Instruments, San 
Francisco, CA). 
Reverse Transcription PCR 
First-strand cDNA was synthesized using SuperScript II RNase H-  re- 
verse  transcriptase  (GIBCO  BRL)  with  total  RNA  extracted  from 
ATDC5 cells according to the manufacturer's instructions. Briefly, puri- 
fied total RNA (2.5  ~g) was incubated at 42°C for 60 min with a mixture 
of 100 U  of SuperScript  II RNase H-  reverse transcriptase; 2.5  txM of 
oligo-d(T)16 primer  (Perkin  Elmer  Cetus Corp.,  Norwalk,  CT);  3  mM 
MgC12; 50  mM Tris-HCl (pH  8.3);  75 mM KC1;  1 mM each of dCTP, 
dTTP, dGTP, and dATP; 5 mM DTT in a volume of 10 p.1. Aliquots of one 
tenth of the cDNA were used to amplify types I and II collagen genes by 
PCR (1). A primer set specific for the mouse glyceraldehyde 3-phosphate 
dehydrogenase (G3PDH) gene (Clontech, Palo Alto, CA) was used as a 
positive control for amplification of cDNA. The expected size of the am- 
plified DNA fragment was 983 bp. The PCR conditions were 94°C for 30 s, 
60°C for 1 min, 72°C for 1 rain for 20 cycles, and final extension at 72°C for 
5 rain. Primers specific for the pro-c~2(I)  collagen gene were 5'-GAACG- 
GTCCACGAqTGCATG-3'  (forward  direction)  and  5'-GGCATGT- 
TGCTAGGCACGAAG-3' (reverse direction)  (1). Primers for the pro- 
al(lI) collagen gene were 5'-CACACTGGTAAGTGGGGCAAGACCG- 
3' (forward direction) and 5'-GGATTGTGTTGTTTCAGGGTTCGGG- 
3' (reverse direction) (1). The distances between the forward and reverse 
primers for pro-a2(I) and pro-al(II) collagen genes were 167 and 172 bp, 
respectively. Aliquots (5 ~1) of the PCR reaction were resolved on 4% 
NuSieve 3:1 agarose gels (FMC BioProducts, Rockland, ME) along with 
molecular size markers, and the amplified products were stained with ethid- 
ium bromide. The amplified PCR products were subcloned into pCRII 
(Invitrogen, San Diego, CA), and their sequences were confirmed with a 
Prism 310 genetic analyzer (Applied Biosystems, Inc., Foster City, CA). 
Alcian Blue Staining 
ATDC5 cells were plated in 12-multiwell plates and cultured in differenti- 
ation medium. At each time point, cells were rinsed with PBS and fixed 
with 95% methanol for 20 rain. They were then stained with 0.1% Alcian 
blue 8GS (Fluka, Buchs, Switzerland) in 0.1 M HCl overnight. 
Treatment of Cells with PTH Analogues and PTHrP 
To assess the effects of PTH and PTHrP on chondrogenesis, ATDC5 ceils 
were plated in 12-multiwell plates. When the cells reached confluency in 
differentiation medium on day 3, cultures were treated with the following 
test samples: bPTH(1-34), [Tyr34]bovine  PTH-(7-34) amide (bPTH(7-34); 
Peptide Institute, Osaka, Japan) and human PTHrP(1-141) (hFFHrP(1-141); 
a  generous gift from Dr. T.J.  Martin [St.  Vincent's Institute of Medical 
Research, Fitzroy, Victoria, Australia]). The cells were treated with these 
agents for another 12 d, with replacement of the medium every other day. 
Effects on cellular condensation and differentiation were monitored by 
phase-contrast microscopy and Alcian blue staining of the cells. Secretion 
of endogenous PTHrP  by  the  cells was  examined by determining the 
PTHrP level in the medium conditioned for 3 d using an Allegro PTHrP 
immunoassay  kit (Nicholas Institute, San Juan Capistrano, CA). 
Results 
Cell Growth and Chondrogenesis of  ATDC5 Cells 
A  clonal chondrogenic cell line, ATDC5, was established 
from a  differentiated  culture  of EC-derived AT805  cells 
on the basis of its chondrogenic potential (5). As shown in 
Fig.  1,  ATDC5  cells  were  inoculated  into  24-multiwell 
plates and maintained in DME/F-12 supplemented with 10 
Ixg/ml human transferrin, 3 ×  10 -s M sodium selenite, and 
107. 
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Growth curves of ATDC5 cells. Cells were cultured  in 
24-multiwell plates in maintenance medium in the absence of in- 
sulin ([]) or in the presence of 10 txg/ml insulin (¢,). Total cell 
numbers in culture were determined for three wells at each time 
point,  as  described  in  Materials  and Methods.  Values are the 
means of three wells. SEM were so small that they are hidden by 
the symbols. The figure represents one of two independent ex- 
periments with similar results. 
5% FBS (the maintenance medium). ATDC5 cells rapidly 
proliferated with  a  short doubling time of 16  h  (Fig.  1). 
The cells exhibited an elongated fibroblastic morphology 
at the subconfluent stage (Fig. 2 a). On day 3 of culture, 
the cells stopped growing at confluence to form a mono- 
layer in which they remained undifferentiated with a fibro- 
blastic morphology (Fig. 2 b). Under these conditions, sat- 
uration cell density was ~2.5  ×  105 cells/well (1.41  ×  105 
cells/cm2). No Alcian blue-positive cartilage nodules  ap- 
peared in these cultures. 
Alternatively,  the  cells  were  grown  in  differentiation 
medium containing 10 ~g/ml insulin. Insulin did not signif- 
icantly affect cell doubling time (Fig. 1) or the morphology 
of the cells in the growth phase. Upon attainment of con- 
fluency, the cells similarly ceased to grow by contact inhi- 
bition.  Within  the  three  days after confluency, however, 
the culture reentered  the growth state with a  longer cell 
doubling time to form numerous nodular structures by day 
21  (Fig.  2  c).  A  transient  condensation  of cells  with  an 
elongated spindle-like morphology (Fig. 2 d) preceded for- 
mation of the nodules, as seen in mesenchymal condensa- 
tion in limb bud chondrogenesis  (14). The nodular struc- 
tures formed were composed of proliferating cells with a 
round morphology (Fig. 2 e). Logarithmic growth of cells 
in the postconfluent phase occurred for ~4 d, from days 
6-10 (Fig. 1). The doubling time of the cells during this pe- 
riod was ~48 h, consistent with what was reported previ- 
ously (5). IGF-I (300 ng/ml) also induced cellular conden- 
sation and the subsequent formation of cartilage nodules 
(Fig. 2 f). However, IGF-I was not as effective as insulin 
for chondrogenic induction of the cells. As shown in Fig. 3, 
Alcian  blue-positive cartilage  nodules  were  first detect- 
able between  days 6  and  10,  and  they increased  in size. 
Then the apparent growth rate of the culture decreased, 
probably because a portion of the differentiated ceils be- 
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crographs  of  ATDC5  cells. 
Cells were cultured  in main- 
tenance medium in a  and b 
or in differentiation  medium 
in  (c-f)  in  24-multiwell 
plates.  (a)  Cells  at  the  sub- 
confluent  stage  on day 2  of 
culture.  (b)  Cells  at  conflu- 
ency on day 3 are shown at a 
higher  magnification.  (c) 
Typical  cartilage  nodules 
were formed by day 21. Cells 
at the condensation  stage on 
day 6 and at the growth stage 
of cartilage  nodules  on  day 
14 are shown in d and e, re- 
spectively. (f) The cells were 
cultured  for  14  days  in  the 
presence  of IGF-I (300 ng/ 
ml)  instead  of insulin.  Bar, 
500 Ixm for a and c, and 100 
~m for b and d-f. 
gan to mature (Fig. 1). This postconfluent growth of cells, 
however, continued for 2 wk until day 21, and then ceased. 
On day 21, the total number of cells reached a maximum 
at 1.6 x  106 cells/well (9.1  x  105 cells/cm2). Cells surround- 
ing cartilage nodules retained their fibroblastic morphol- 
ogy and presumably did not grow during expansion of the 
nodules. Assuming that these cells were quiescent, 85% of 
the total cell population at the end of the growth stage of 
cartilage nodules was estimated to be differentiated chon- 
drocytes.  Even  after  cessation  of  postconfluent  growth, 
the Alcian blue-positive area appeared to expand by accu- 
mulation of cartilage matrix resulting from the maturation 
of cells (Fig. 3). 
Chondrogenic  differentiation  of ATDC5 cells was fur- 
ther characterized by expression of cartilage-characteristic 
extracellular matrix genes such as aggrecan (Fig. 4 a) and 
type II collagen (Fig. 4 b). Transcripts for these genes were 
undetectable  in  undifferentiated  ATDC5  cells  on  day 2 
(Fig. 4, a and b, lane 1). In contrast, these cartilage-charac- 
teristic transcripts became readily detectable in the differ- 
entiated cultures by day 14 (Fig. 4, a  and b, lane 2). Ex- 
pression of type I and type II collagen genes were compared 
by reverse transcription PCR under identical amplification 
conditions, using the specific primer sets described in Ma- 
terials and Methods (Fig. 5) (1). A  primer set specific for 
the mouse G3PDH gene was used as a positive control for 
amplification  of cDNA.  The  amplified  DNA  fragments 
were  verified  by  determination  of  their  sequence.  As 
shown in Fig. 5 a, undifferentiated ATDC5 cells on day 2 
evidently  expressed  the  type  I  collagen  gene  transcript, 
which  remained  detectable  throughout  the  experimental 
period.  In  contrast,  the  type  II collagen  gene  transcript 
was undetectable on day 2 (Fig. 5 b). It became barely de- 
tectable on day 10 and readily detectable on day 21, when 
cartilage nodules that had formed in culture ceased to grow. 
Analysis of cartilage nodules by transmission electron mi- 
croscopy indicated  that differentiated ATDC5 cells were 
surrounded by thin type II collagen fibrils (,-.~20 nm in di- 
ameter)  (20),  but  no  thick fibrils characteristic of type  I 
collagen were found (data not shown). 
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mRNAs in ATDC5 cells. Cells were grown in the differentiation 
medium in six-multiwell plates. Total RNA was isolated on day 2 
(lane  1) and on day 14 (lane  2)  of culture.  RNA (20 Ixg) was 
loaded in each lane and then hybridized with rat aggrecan cDNA 
(a) or rat type II collagen cDNA (b). The membranes were ex- 
posed to film for 24 h in a and for 6 h in b. The positions  of 28S 
and 18S ribosomal RNAs are indicated.  The lower panels  show 
ethidium bromide-stained gels. 
Figure 3.  Formation of cartilage nodules in the presence of insu- 
lin. ATDC5 cells were cultured in differentiation  medium in 12- 
multiwell plates. Cultures were stained with 0.1% Alcian blue. 
Acquisition of PTHIPTHrP Responsiveness  during 
Chondrogenic  Differentiation of  A TDC5 Cells 
It has been established that rabbit growth plate chondro- 
cytes express  PTH/PTHrP  receptors  on  their  surface  in 
vitro  (15,  22).  ATDC5  cells were  plated  in  24-multiwell 
plates, and they were maintained for 21 d in differentiation 
medium containing insulin (10 ~g/ml) until the growth of 
cartilage nodules ceased. A  saturation binding experiment 
was then carried out. Cells were incubated with incremen- 
tal doses of [125I] bPTH(1-34) in the presence or absence 
of unlabeled bPTH(1-34). Available binding sites for the 
ligand were saturable, as shown in Fig. 6 a. Scatchard anal- 
ysis indicated the presence of a single class of binding sites 
that exhibited an apparent dissociation constant of 3.9 nM 
and a binding capacity (Bmax) of 3.2 X 105 sites/cell (Fig. 6 
a; inset). Under the present experimental conditions, ~15 % 
of the cells in culture remained undifferentiated  (Fig. 1). 
Assuming that undifferentiated cells do not express PTH/ 
PTHrP receptors, the determined Bma  x value may be un- 
derestimated to some extent. Then we attempted to visual- 
ize the binding component on the differentiated cell cul- 
ture by photochemical cross-linking. Cells were incubated 
with  [125I]bPTH(1-34),  extensively  rinsed,  photoreacted 
with HSAB, and then analyzed by autoradiography after 
SDS-PAGE (Fig. 6 b). The predominant binding compo- 
nent was identified  as a  diffuse 80-kD band.  Labeling of 
the  80-kD  band  was  completely abolished  by unlabeled 
bPTH(1-34). 
Taking  advantage  of  the  inductive  chondrogenesis  of 
ATDC5 cells, we examined the differentiation-dependent 
expression  of  PTH/PTHrP  receptors  by  monitoring  the 
specific binding  of  [125I]bPTH(1-34)  (Fig.  7).  Cells  were 
maintained in differentiation medium containing 10 ixg/ml 
insulin,  and were incubated with  p25I]bPTH(1-34) in  the 
absence or presence of unlabeled bPTH(1-34). No specific 
binding was detectable on day 4, at which time no cartilage 
nodules were observed. Only 2 d  later, however, the spe- 
cific binding of [125I]bPTH(1-34) was clearly detectable; it 
amounted to 3%  on day 6,  when cartilage nodules  were 
first seen. In association with the formation and growth of 
cartilage nodules, the specific binding increased markedly 
and reached a maximum of 11% of the added radiolabeled 
ligand  on  day 21.  Nonspecific binding  remained  reason- 
ably low (from 1.0 to 1.5%) during the entire experimental 
period.  These results suggest that the  expression of cell- 
surface receptors for PTH is closely associated with chon- 
drogenic differentiation of the cells. 
The PTH/PTHrP receptor acts through activation of the 
coupled  adenylate  cyclase  (30).  The  functionality of the 
PTH/PTHrP receptor on differentiated ATDC5 cells was 
monitored  by the  ligand-dependent  activation of adeny- 
late cyclase on the basis of a  unit  number of cells in the 
culture. As shown in Fig. 8, differentiated cells exhibited a 
bPTH(1-34)-dependent  activation  of  adenylate  cyclase. 
The enzyme activity was detectable in response to ~<10 pM 
bPTH(1-34). The half effective dose EDs0 of bPTH(1-34) 
was ~0.2 nM.  Cells at the initial stage of chondrogenesis 
revealed only marginal activation of the enzyme on day 4. 
These lines of evidence suggest that acquisition  of PTH/ 
Shukunami et al. Induction of  PTHrP Receptor during Chondrogenesis  461 Figure  5.  Detection  of  type  I 
collagen mRNA in ATDC5 cells 
by reverse transcription PCR, in 
comparison to type II collagen 
mRNA. Cells were grown in dif- 
ferentiation medium in six-mul- 
tiwell  plates.  Total  RNA  was 
isolated on day 2 (lane 1), day 10 
(lane  2),  and  day  21  (lane  3) 
from the cells grown in differen- 
tiation  medium.  Reverse-tran- 
scribed eDNA was amplified by 
PCR. Aliquots (5 Ixl) of the PCR 
products  were  resolved  on 4% 
agarose  gels  alongside  markers 
(M). The primer pairs used were 
specific  for the following target 
sequences: type I collagen in a; 
type II collagen in b; G3PDH in c. 
PTHrP responsiveness is closely associated with the onset 
of chondrogenesis. 
Induction of the PTHIPTHrP Receptor Gene during 
Chondrogenesis of  ATDC5 Cells 
We  studied  the  expression  of a  PTH/PTHrP  mRNA  in 
ATDC5 cells by Northern blotting. The rat PTH/PTHrP re- 
ceptor eDNA probe was hybridized to total RNA (20 Ixg) 
from cells at different stages of differentiation (Fig. 9 a). As 
shown in lane  1, there was no detectable  hybridization to 
RNA extracted from undifferentiated cultures of ATDC5 
cells on day 2. In contrast, on day 7, when the formation of 
cartilage  nodules was observed  in culture,  the 2.3-2.5-kb 
PTH/PTHrP  receptor  transcript  was  clearly  detectable 
(Fig. 9 a; lane 2). The mRNA level increased markedly in 
parallel  with  the  growth  of  cartilage  nodules,  and  it 
reached a maximum by day 21, when cellular proliferation 
ceased (Fig. 9 a; lanes 3 and 4); then the mRNA level grad- 
ually decreased (Fig. 9 a; lanes 5 and 6). 
The time course of changes in the PTH/PTHrP receptor 
mRNA level was determined in detail by slot blot analysis, 
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Figure 6.  Cell-surface binding of [125I]bPTH(1-34) to differentiated ATDC5 cells cultured in the presence of insulin. Cells were grown in 
differentiation medium for 21 d in 24-multiwell  plates.  (a) Equilibrium saturation binding of [1zSI]bPTH(1-34) was determined in tripli- 
cate. Experiments were conducted twice with similar results.  The inset shows Scatchard analysis of the same data. (b) PTH/PTHrP re- 
ceptors on differentiated ATDC5 cells were visualized  by photochemical cross-linking  of [125I]bPTH(1-34). Cells were incubated in the 
binding buffer containing [125I]bPTH(1-34) in the absence (-) or presence (+) of unlabeled bPTH(1-34). Cells were then reacted with 
HSAB followed by photolysis. Experiments were carried out in duplicate. 
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Figure 7.  Time course of changes in binding capacity of ATDC5 
cells  to  [125I]bPTH(1-34) during  chondrogenic  differentiation. 
Cells were grown in differentiation medium in 24-multiwell plates 
for the indicated  periods.  Cells were incubated with [125I]bPTH 
(1-34) (17 pM) in the absence ([~) or presence (¢I,) of the corre- 
sponding  unlabeled ligand  (1  I~M). The cell-associated  radioac- 
tivity was counted.  Each value represents the mean -  SEM in 
triplicate  assays. The figure represents one of two independent 
experiments with similar results. 
and was compared to that of type II collagen mRNA (Fig. 
9 b). Expression of the genes was induced in parallel with 
the formation of cartilage nodules in culture. Densitomet- 
ric analysis clearly indicated that inductive expression of 
the PTH/PTHrP receptor gene coincided with expression 
of the type II collagen gene in a logarithmic manner (Fig. 9 
c). These results suggest that the expression of the PTH/ 
PTHrP receptor gene in ATDC5 cells is closely associated 
with chondrogenic differentiation. 
Effect of PTH or PTHrP on Chondrogenic 
Differentiation of  ATDC5 Cells 
To elucidate the functional role of PTH/PTHrP signaling in 
chondrogenesis, we studied the effects of PTH analogues 
on chondrogenic differentiation of ATDC5 cells (Fig. 10). 
Cells were grown to confluency in differentiation medium 
for the initial 3 d. The cells were then incubated for an addi- 
tional  12 d  with  10 -8 M  bPTH(1-34)  or hPTHrP(1-141), 
which activated adenylate cyclase to a maximal level• Both 
peptides  completely inhibited  cellular  condensation  and 
the subsequent formation of cartilage nodules  in culture 
(Fig. 10, b and c). No Alcian blue-positive cartilage matrix 
accumulated in these cells in culture (data not shown). In 
contrast, treatment with bPTH(7-34) did not affect differ- 
entiation (Fig. 10 d). 
Secretion of PTHrP, an endogenous ligand for the PTH/ 
PTHrP receptor, from ATDC5 cells was examined. Undif- 
ferentiated  ceils  were  plated  in  24-multiwell  plates  and 
grown in differentiation medium. Culture medium was re- 
placed into fresh medium and conditioned for 3 d.  Con- 
centration of PTHrP in the 3-d conditioned medium was 
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Figure 8.  PTH-dependent adenylate cyclase activity in undiffer- 
entiated and differentiated ATDC5 cells. Cells were grown in a 
24-multiwell plate for 4 d (0) or for 21 d ([]) in the differentia- 
tion medium. Cells were incubated for 30 min with 0.5 mM MIX 
and various  doses of bPTH(1-34).  The reaction was terminated 
by addition of ice-cold HCI. Production of cAMP was assessed by 
radioimmunoassay.  Each value represents the mean __- SEM in 
triplicate  assays. The figure represents one of two independent 
experiments with the similar results. 
determined  by radioimmunoassay.  As shown in Table I, 
medium conditioned from days 2-5 contained a detectable 
level of PTHrP (4.4 pM). Concentration of PTHrP in the 
conditioned medium decreased as cell differentiation pro- 
gressed, and it was below the detection limit (<0.1 pM) on 
day  52.  Thus~  ATDC5  cells,  probably  undifferentiated 
ceils, secrete PTHrP into culture medium, but its concen- 
tration seemed too low to activate PTH/PTHrP receptor- 
coupled adenylate cyclase in the differentiated cells. 
Discussion 
Wherever bone is formed by replacement of a  cartilagi- 
nous  bone  rudiment  (endochondral  pathway),  this  rudi- 
ment is preceded in development by the appearance of a 
cellular  condensation  within  the  mesenchyme or, in  the 
case of the head, within the ectomesenchyme derived from 
the neural crest. Skeletal elements begin to become faintly 
discernible  as the  particular  regions where  cells become 
more densely packed (14). Once cells are in this condensa- 
tion state, they begin to produce large amounts of carti- 
lage-specific molecules such as type II collagen and aggrecan. 
Cultured  limb mesenchymal cells  exhibit  commitment 
and gene expression profiles in culture that closely resem- 
ble in vivo events (56). Their usefulness has been limited, 
however, by requirements for a high seeding density (39), 
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PTH/PTHrP receptor mRNA level 
during  chondrogenic  differentia- 
tion,  compared to that for type II 
collagen.  Cells  were grown  in  dif- 
ferentiation  medium  in  six-multi- 
well plates. (a) Northern blot analy- 
sis of PTH/PTHrP receptor mRNA 
is shown. Total RNA was isolated 
on day 2 (lane 1), day 7 (lane 2), day 
14 (lane 3), day 21 (lane  4), day 24 
(lane 5), and day 28 (lane 6). 20 txg 
of total  RNA  was  used  per  lane, 
and the membrane was exposed to 
film for 37 h. The positions  of 28S 
and 18S ribosomal RNAs are indi- 
cated. The lower panel shows ethid- 
ium bromide staining of the gel. (b) 
RNA isolated  on the indicated  day 
of culture was analyzed by slot blot- 
ting. 4 Ixg of total RNA was hybrid- 
ized with rat PTH/PTHrP receptor 
cDNA  probe,  and  the  membrane 
was exposed to film for 8 d (lane 1). 
1 I-tg of total RNA was hybridized 
with  rat  type  II  collagen  cDNA 
probe,  and  the  membrane was ex- 
posed to film for 17 h (lane  2).  (c) 
The  time  courses  of  changes  in 
PTH/PTHrP receptor mRNA levels ([~) and type II collagen (11),  are compared. Each mRNA level was quantified by scanning densi- 
tometric analysis of the slot blot in b. Values are expressed as percentages of the highest hybridization  intensity for each mRNA. Two 
independent experiments were performed and gave similar results. 
e.g.,  107  cells/ml,  and  the  availability of a  homogeneous 
cell population. In a high density culture of chick stage 24 
limb  mesenchymal  cells,  chondrogenesis  predominates 
with 60-85 % of cells identifiable as chondrocytes, whereas 
muscle  differentiation  is  maximal and  chondrogenesis  is 
totally lacking in low density culture (56). Thus, the molec- 
ular  analysis of chondrogenesis  awaits the  establishment 
of a  clonal cell line  capable of chondrogenic differentia- 
tion in vitro. Cell lines such as RCJ3.1  and CFK2 exem- 
plify the usefulness of a  chondrogenic clonal cell line for 
the study of skeletal development (7, 21). These cell lines, 
however, were isolated from fetal calvariae, which do not 
develop  via  the  endochondral  pathway  but  via  the  in- 
tramembranous pathway of bone formation. EC ceils are 
the stem cells of teratocarcinomas, and they show marked 
similarities to cells of the  early embryo. They lose  their 
malignancy  as  they  differentiate.  Teratocarcinoma  cells 
are therefore a useful alternative to embryos for studying 
the  processes  of  early  mammalian  development.  Since 
there may be the potential limitations of EC cells, careful 
characterization of their phenotype is required. 
ATDC5 is a  clonal cell line derived from the multipo- 
tent EC AT805, which grows in vitro without feeder cells 
(5). In the presence of insulin, ATDC5 cells differentiated 
into chondrocytes to form cartilage nodules at a very high 
frequency (Fig. 2 c), comparable to a high density micro- 
mass culture of chick limb bud cells (56). Taking on a fi- 
broblastic morphology, ATDC5 cells expressed the type I 
collagen gene transcript (Fig. 5), and they initially prolifer- 
ated with a  short doubling time (16 h) irrespective of the 
presence  of insulin.  They exhibited  contact  inhibition  at 
confluence (Fig. 1). There was neither an accumulation of 
cartilage  matrix  (Fig.  3)  nor  expression  of cartilage-spe- 
cific transcripts (Fig. 4) at this stage. In the presence of in- 
sulin,  there  transiently  appeared  condensation  areas  in 
culture  (Fig. 2  d), from which proliferating chondrocytes 
were generated to form cartilage nodules  (Fig. 2 e). The 
second phase of growth was characterized by a longer cell- 
doubling time (48 h). The progressive expression of type II 
collagen  mRNA  was  initiated  along  with  condensation 
and the subsequent growth of nodules (Figs. 3 and 9). 
In cultures of prechondrogenic mesenchymal cells from 
chick limb buds, there is a first phase in which all cells be- 
have  as  fibroblasts,  exhibiting  contact  inhibition  (14). 
These cells rapidly proliferate at this stage and there is a 
considerable  increase in  cell-doubling  time during  chon- 
drogenesis  (19).  Prechondrogenic  mesenchymal cells ex- 
press  type  I  collagen  mRNA,  but  no  type  II  collagen 
mRNA is expressed. As the cells differentiate into chon- 
drocytes through  cellular condensation,  they initiate  the 
synthesis of type II collagen. Differentiated chondrocytes 
cease synthesizing type I collagen, while they still contain 
type I collagen transcripts (37). A  marked increase in type 
II collagen mRNA level occurs coincidently with the con- 
densation stage in chondrogenesis. Thereafter, a continu- 
ous and progressive increase in the accumulation of type II 
collagen mRNA occurs (37).  With respect to their chon- 
drogenic potential, morphological appearance, growth be- 
havior, and collagen gene expression, ATDC5 cells appear 
to  retain  the  characteristics  of  chondrogenic  precursor 
cells. 
Cellular  condensation  is  an  important prerequisite  for 
The Journal of Cell Biology, Volume 133, 1996  464 Figure 10.  Effects of PTH and PTHrP on chondrogenic  differentiation.  ATDC5 cells were grown to confluency in differentiation  me- 
dium for the initial 3 d in 12-multiwell plates. The cells were then incubated for a further 12 d with no addition (a) or with 10  -8 M 
bPTH(1-34)  (b), 10  -s M hPTHrP(1-141)  (c) or 10 -s M bPTH(7-34)  (d). Formation of cartilage  nodules was examined under a phase- 
contrast microscope (xl00). Bar, 200 Fm. 
initiation  of chondrogenesis  in mesenchymal cell culture. 
In the presence of insulin, the cell density of ATDC5 cul- 
ture increased only by ~<50% during the postconfluent 3 d. 
This observation was compatible with an increase in pack- 
ing cell density during chick limb bud condensation in vivo 
(14).  At this  stage, cells lose contact inhibition of move- 
ment and grow beyond confluence to produce two or three 
layers of cells.  Recent  reports  have suggested  that  FGF 
signaling  plays  a  role  in  support  of the  proliferation  of 
limb bud mesenchyme and limb pattern formation (12, 44, 
48, 53). There is no evidence of mitotic activity required 
for onset of condensation in chick limb chondrogenesis in 
vitro.  Cellular  condensation  is  chiefly  mediated  by  a 
change of cell motility and cell--cell interactions  (40, 45). 
In  fact,  FGF-2  markedly stimulated  the  proliferation  of 
confluent ATDC5 cells, but failed to initiate condensation 
(data  not  shown).  Thus,  the  mitogenic  action  of insulin 
does not seem to be of primary importance for induction of 
condensation.  Insulin  probably  affects  cell  morphology 
and motility during differentiation of ATDC5 cells. 
IGF-I has  been  implicated  in  early limb development 
and  chondrogenesis  (18).  We  demonstrated  that  IGF-I 
also induces cellular condensation and formation of carti- 
lage nodules in cultures of ATDC5 cells. Thus, it is possi- 
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during the Course of  Differentiation In Vitro: Concentration in 
the Conditioned Medium 
Samples  Concentration of PTHrP 
Fresh differentiation medium alone 
Conditioned medium (days 2-5) 
Conditioned medium (days 7-10) 
Conditioned medium (days 20-23) 
Conditioned medium (days 35-38) 
Conditioned medium (days 52-55) 
pmoLaiter 
<0A 
4.43 +  0.88 
3.13 +  0.32 
2.38 -+ 0.03 
0.58 +-- 0.22 
<0.1 
ATDC5 cells were cultured in differentiation medium in 12-multiwen plates,  as de- 
scribed in Materials and Methods. Culture medium was replaced with fresh differenti- 
ation medium on the days indicated, which was then conditioned for 3 d. Concentra- 
tion of PTHrP  secreted was determined by radioimmunoassay. Values are means - 
SEM in triplicate assays. Experiments were conducted twice with similar  results. 
ble that insulin acts through an IGF-I signaling pathway. 
IGF-I, however, was less effective than insulin for chon- 
drogenic induction of the cells. Bassas and his co-workers 
reported the presence of insulin immunoactivity and bio- 
activity in early chick embryos (6). They also found insulin 
receptors as well as IGF-I receptors on plasma membranes 
isolated from limb buds (6).  Telford and her co-workers 
demonstrated the presence of transcripts for insulin recep- 
tors and IGF-I receptors in early mouse embryos by re- 
verse transcription PCR, and suggested a possibility that 
these embryos respond to exogenous (e.g., maternal) sources 
of insulin (61). Our preliminary experiments indicated that 
undifferentiated ATDC5 cells express transcripts for insu- 
lin receptors and IGF-I receptors (data not shown). There- 
fore, it is also possible that insulin induces differentiation 
of ATDC5 cells through an insulin-specific signaling path- 
way, although the physiological relevance of the action of 
insulin for chondrogenic induction remains to be elucidated. 
There is growing evidence to suggest that BMPs stimu- 
late differentiation of cells of the chondroblastic lineage as 
well as those of the osteoblastic lineage (10, 33, 47). Tran- 
scripts for BMP genes have been localized in mesenchy- 
mal condensations and the perichondrium in mouse em- 
bryos (28, 43). Recent studies on brachypodism and short 
ear mice implied that BMPs mediate cell-cell interactions 
during condensation and subsequent chondrogenesis (35, 
58).  Intriguingly, precondensing ATDC5 cells responded 
to exogenous BMP-2 to undergo chondrogenic differentia- 
tion without condensation (Shukunami, C., unpublished 
data). Thus, BMP-dependent serine/threonine kinase sig- 
naling may participate in the chondrogenesis of condens- 
ing ATDC5 cells, cAMP signaling, however, has also been 
implicated in limb chondrogenesis (49,  57).  Its effect on 
cartilage  differentiation in  vitro  was  dependent  on  cell 
density (46).  It is known that PTH stimulates phenotypic 
expression of differentiated chondrocytes via intracellular 
production  of  cAMP  (23,  60).  We  previously  demon- 
strated that cultured growth plate chondrocytes expressed 
80-kD PTH/PTHrP receptors on the cell surface (22).  It 
seems  unlikely, however,  that  PTH,  an  endocrine  hor- 
mone, acts as a  natural ligand for the receptor  in early 
chondrogenic development. Therefore, the physiological 
significance of PTH responsiveness was puzzling until the 
wide distribution and the early onset of PTHrP synthesis 
in embryos were observed (8, 62). 
Differentiated ATDC5 cells expressed a large number 
of 80-kD PTH/PTHrP receptors on the cell surface, and 
these  receptors  were  functionally active  in  stimulating 
adenylate cyclase (Figs. 6 and 8). The binding kinetics of 
[125I]bPTH(1-34)  were compatible with previous findings 
in primary chondrocytes (Fig. 6). Only 10 pM bPTH(1-34) 
evidently stimulated production of cAMP. The expression 
of the PTI-UPTHrP receptor transcript was readily detect- 
able in differentiated ATDC5 cells by Northern blot anal- 
ysis using total RNA (Fig. 9). On the other hand, precon- 
densing undifferentiated ATDC5 cells exhibited no specific 
binding of PTH (Fig. 7). Elevation of binding capacity was 
correlated with progression of chondrogenic differentia- 
tion of cells. Capehart (9) and Zull (65) described in their 
earlier reports that the appearance of PTH-sensitive ade- 
nylate cyclase was one of the earliest events in chick limb 
differentiation. It was unclear at the time, however, whether 
acquisition of PTH responsiveness occurred in cells of the 
chondrogenic or osteoblastic lineage. In the present study, 
we used a  clonal cell line to demonstrate unequivocally 
that acquisition of PTH responsiveness is associated with 
chondrogenic  differentiation.  The  expression  of  PTH/ 
PTHrP receptor mRNA occurred in parallel with the in- 
duction of type II collagen mRNA, and it is one of the ear- 
liest events in chondrogenic differentiation (Fig. 9). 
Segre and his co-workers suggested by in situ hybridiza- 
tion that expression of PTI-UPTHrP  receptor  mRNA is 
high in maturing chondrocytes, and that PTHrP and PTH/ 
PTHrP  receptor genes  are  expressed  in largely discrete 
but mostly neighboring areas in the developing bones in 
fetal  rats  (42).  As  shown  in  Table  I,  undifferentiated 
ATDC5 cells secreted PTHrP immunoreactivity into cul- 
ture medium. PTHrP in the medium conditioned for 3 d 
reached a  concentration of 4.4 pM. Although PTHrP in 
the conditioned medium was higher than that of normal 
human plasma, capacity of the cells for PTHrP production 
was lower than that of mammary epithelial cells that were 
isolated from lactating glands in vitro (16).  Secretion of 
PTHrP decreased as differentiation of ATDC5 cells pro- 
gressed. Since ATDC5 cells were maintained by replacing 
the medium every other day during the present study, the 
concentration  of endogenous  PTHrP  cannot  be  higher 
than  several  picomolar.  When  the  dose-response  data 
(Fig. 8) are taken into consideration, it is unlikely that en- 
dogenous PTHrP activates PTH/PTHrP receptors that are 
expressed on the surface of ATDC5 cells in culture. 
In contrast, when PTH/PTHrP receptors were continu- 
ously activated by bPTH(1-34)  or hPTHrP(1-141)  during 
differentiation of the cells, these agents inhibited the for- 
mation of cartilage nodules. There was no inhibitory effect 
by the treatment with bPTH(7-34). Upon interaction with 
the ligands, FFH/FFHrP receptors activate both the cAMP/ 
protein kinase A  (PKA) and the phospholipase C/protein 
kinase C (PKC) signal pathways (2, 25). Janulis (26) sug- 
gested that the phospholipase  C/PKC pathway mediates 
PTH stimulation of renal proximal tubule 1,25-dihydroxy- 
vitamin D 3 secretion. Because NH2-terminal amino acids 
of PTH fragments are required for adenylate cyclase acti- 
vation (17),  bPTH(7-34)  binds to PTH/PTHrP receptors 
without activation of adenylate cyclase (24). Jouishomme 
(29) reported that the PKC activation domain lies within 
the 28-34 region of the PTH molecule. Fujimori and co- 
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with  a  relative  potency  of 51%  of that  of bFlq-I(1-34). 
These  results  suggest  that  activation  of PTH/PTHrP  re- 
ceptors interferes with the early stages of chondrogenesis 
through  the  cAMP/PKA  signaling  pathway.  Recently, 
J0ppner  and his co-workers identified a single heterozy- 
gous  nucleotide  exchange  in  the  PTH/PTHrP  receptor 
gene of a patient with Jansen-type metaphyseal chondrodys- 
plasia (51, 52). The nucleotide exchange causes a missense 
mutation  in the PTH/PTHrP receptor. When the mutant 
receptor was expressed in COS-7 cells, ligand-independent 
constitutive cAMP accumulation was observed in the cells. 
Thus, it is possible that the interference of chondrogenesis 
by  constitutive  activation  of  the  PTH/PTHrP  receptors 
may account for the abnormal formation of endochondral 
bone in this rare form of short-limbed dwarfism. 
Homozygous  mice  carrying  the  PTHrP  null  mutation 
exhibited widespread abnormalities of endochondral bone 
development. Despite the wide distribution of PTHrP and 
its receptor transcripts in the body, there were no morpho- 
logical abnormalities in other tissues (4, 32). Animals ho- 
mozygous for the null mutant of the PTH/PTHrP receptor 
displayed  essentially  the  same  abnormalities  (41).  These 
results suggest a specific importance of PTHrP signaling in 
endochondral  bone  formation.  Since  BMPs  modulate 
PTHrP responsiveness of chondrocytes (22), chondrogenic 
differentiation  must  be  coordinately  regulated  by  BMP- 
dependent signaling and PTHrP-dependent signaling. Fur- 
ther analysis  of PTHrP signaling in chondrogenesis  is in 
progress, using the DNA transfection technique that pro- 
duces perturbations in PTHrP signaling in ATDC5  ceils. 
Thus, ATDC5 cells provide a valuable opportunity for the 
molecular analysis of early chondrogenesis. 
We would like to thank Dr. T. Kimura (Osaka University) for type II col- 
lagen cDNA, Dr. G.V. Segre (Massachusetts General Hospital) for PTH/ 
PTHrP receptor cDNA, and Dr. Y. Yamada (National Institute of Dental 
Research) for aggrecan cDNA. Thanks are also due to Miss S. Yamamoto 
for her valuable secretarial help. 
This work was supported in part by Senri Life Science Foundation.  C. 
Shukunami is a recipient  of a Research Fellowship of the Japan Society 
for the Promotion of Science for Young Scientists. 
Received for publication  20 June  1995 and in revised form 7 December 
1995. 
References 
1. Abe, N., H. Yoshioka, H. Inoue, and Y. Ninomiya. 1994. The complete pri- 
mary structure of the long form of mouse alpha I(IX) collagen chain and 
its expression during limb development.  Biochim.  Biophys.  Acta.  1204: 
61~67. 
2. Abou-Samra,  A.B., H. Jueppner, D. Westerberg, J.T. Potts, Jr., and G.V. 
Segre. 1989. Parathyroid hormone causes translocation of protein kinase-C 
from cytosol to membranes in rat osteosarcoma  cells. Endocrinology. 
124:1107-1113. 
3. Abou-Samra,  A.-B., H. Jiippner, T. Force, M.W. Freeman, X.-F. Kong, E. 
Schipani, P. Urena, J. Richards, J.V. Bonventre,  J.T. Potts, et al. 1992. 
Expression cloning of a common receptor  for parathyroid  hormone and 
parathyroid  hormone-related  peptide from rat osteoblast-like cells: a sin- 
gle receptor  stimulates  intraceUular  accumulation  of both cAMP  and 
inositol  trisphosphates  and  increases  intracellular  free  calcium. Proc. 
Natl. Acad. Sci. USA. 89:2732-2736. 
4. Amizuka,  N., H. Warshawsky, J.E.  Henderson,  D.  Goltzman,  and A.C. 
Karaplis.  1994. Parathyroid  hormone-related  peptide-depleted  mice 
show abnormal epiphyseal cartilage development and altered endochon- 
dral bone formation. J. Cell Biol.  126:1611-1623. 
5. Atsumi, T., Y. Miwa, K. Kimata, and Y. Ikawa. 1990. A chondrogenic cell 
line  derived  from a  differentiating  culture  of AT805 teratocarcinoma 
cells. Cell Diff. Dev. 30:109-116. 
6. Bassas, L., M.A. Lesniak, J. Serrano, J. Roth, and F. de Pablo. 1988. Devel- 
opmental  regulation  of insulin and type I insulin-like growth factor re- 
ceptors and absence of type II receptors in chicken embryo tissues. Dia- 
betes. 37:637-644. 
7. Bernier,  S.M., and D. Goltzman.  1993. Regulation  of expression  of the 
chondrocytic phenotype  in a skeletal cell line (CFK2) in vitro. J.  Bone 
Min. Res. 8:475-484. 
8. Campos, R.V., S.L Asa, and D.J. Drucker.  1991. Immunocytochemical lo- 
calization of parathyroid  hormone-like  peptide  in the rat fetus. Cancer 
Res. 51:6351~i357. 
9. Capehart,  A.A., and D.M. Biddulph. 1991. Development  of PTH-respon- 
sive adenylate cyclase activity during chondrogenesis in cultured mesen- 
chyme from chick limb buds. Calcif  Tissue Int. 48:400~06. 
10. Chen, P., J.L. Carrington, R.G. Hammonds, and A.H. Reddi. 1991. Stimu- 
lation of chondrogenesis in limb bud mesoderm cells by recombinant hu- 
man bone morphogenetic  protein  2B  (BMP-2B)  and  modulation  by 
transforming growth factor [31 and [32. Exp. Cell Res. 195:509-515. 
11.  Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isola- 
tion  by  acid guanidinium  thiocyanate-phenol-chloroform  extraction. 
Anal. Biochem. 162:156-159. 
12.  Cohn, M.J., J.C. Izpistia-Belmonte,  H. Abud, J.K. Heath,  and C. Tickle. 
1995. Fibroblast growth factors induce additional limb development from 
the frank of chick embryos. Cell. 80:739-746. 
13. Doege, K.J., M. Sasaki, T. Kimura, and Y. Yamada. 1991. Complete coding 
sequence and deduced primary structure of the human cartilage large ag- 
gregating proteoglycan, aggrecan. Human-specific repeats and additional 
alternatively spliced forms. J. Biol. Chem. 266:894--902. 
14. Ede, D.A. 1983. Cellular condensations and chondrogenesis. In Cartilage. 
Vol. 2. B.K. Hall, editor. Academic Press, New York. 143-185. 
15. Enomoto, M., A. Kinoshita, H.-O. Pan, F. Suzuki, I. Yamamoto,  and M. 
Takigawa. 1989. Demonstration  of receptors for parathyroid  hormone on 
cultured  rabbit  costal chondrocytes.  Biochem.  Biophys.  Res.  Commun. 
162:1222-1229. 
16. Ferrari,  S.L,  R.  Rizzoli, and  J.P. Bonjour.  1992. Parathyroid  hormone- 
related  protein  production  by primary  cultures of mammary epithelial 
cells. J. Cell. Physiol.  150:304-311. 
17. Fujimori, A.,  S.L  Cheng, LV. Avioli, and  R. Civitelli. 1992. Structure- 
function relationship  of parathyroid  hormone:  activation  of phospholi- 
pase-C, protein  kinase-A  and -C in osteosarcoma  cells. Endocrinology. 
130:29-36. 
18. Geduspan, J.S., and M. Solursh. 1993. Effects of the mesonephros  and insu- 
lin-like growth factor  I on chondrogenesis  of limb explants. Dev.  Biol. 
156:500--508. 
19.  George, M., K.P. Chepenik, and M.H. Schneiderman. 1983. Proliferation of 
cells undergoing chondrogenesis in vitro. Differentiation.  24:245--249. 
20. Gerstenfeld,  L.C., and W.J. Landis. 1991. Gene expression and extracellu- 
lar matrix ultrastructure  of a mineralizing chondrocyte  cell culture sys- 
tem. J. Cell Biol.  104:1435-1441. 
21. Grigoriadis,  A.E., J.N.M. Heersche,  and J.E.  Aubin.  1990. Continuously 
growing bipotential and monopotential  myogenic, adipogenic, and chon- 
drogenic subclones isolated  from the multipotential  RCJ3.1 clonal cell 
line. Dev. Biol.  142:313-318. 
22. Hiraki, Y., H. Inoue, C. Shigeno, Y. Sanma, H. Bentz, D.M. Rosen, A. As- 
ada,  and  F.  Suzuki. 1991. Bone morphogenetic  proteins  (BMP-2 and 
BMP-3) promote growth and expression of the differentiated  phenotype 
of rabbit chondrocytes and osteoblastic MC3T3-E1 cells in vitro. Z Bone 
Min.  Res. 6:1373-1385. 
23. Hiraki, Y., Y. Yutani, M. Takigawa, Y. Kato, and F. Suzuki. 1985. Differen- 
tial effects of parathyroid hormone and somatomedin-like growth factors 
on the sizes of proteoglycan monomers and their synthesis in rabbit cos- 
tal chondrocytes in culture. Biochim. Biophys. Acta. 845:445-453. 
24.  Horiuchi, N., M.F. Holick, J.T. Ports, Jr., and M. Rosenblatt.  1983. A para- 
thyroid hormone inhibitor in vivo: design and biological evaluation of a 
hormone analog. Science  (Wash. DC). 220:1053-1055. 
25. lida-Klein, A., V. Varlotta,  and T.J. Hahn. 1989. Protein kinase C activity 
in UMR-106-01 cells: effects of parathyroid  hormone and insulin. J. Bone 
Min.  Res. 4:767-774. 
26. Janulis, M., V. Tembe,  and M.J. Favus. 1992. Role of protein  kinase C in 
parathyroid  hormone stimulation of renal  1,25-dihydroxyvitamin I)3 se- 
cretion. J. Clin. Invest. 90:2278-2283. 
27. Johnson-Wint, B., and S. Hollis. 1982. A rapid in situ deoxyribonucleic acid 
assay for determining cell number in culture and tissue. Anal.  Biochem. 
122:338-344. 
28. Jones, C.M., K.M. Lyons, and B.L.M. Hogan. 1991. Involvement  of bone 
morphogenetic protein-4 (BMP-4) and Vgr-I in morphogenesis and neu- 
rogenesis in the mouse. Development (Camb.).  111:531-542. 
29. Jouishomme, H., J.F. Whitfield, B. Chakravarthy, J.P. Durkin, L. Gagnon, 
R.J. Isaacs, S. MacLean, W. Neugebauer,  G. Willick, and  R.H.  Rixon. 
1992. The protein  kinase-C activation  domain  of the  parathyroid  hor- 
mone. Endocrinology.  130:53-60. 
30. Jtippner,  H., A.-B. Abou-Samra,  M. Freeman,  X.F. Kong, E. Schipani, J. 
Richards, L.F.J. Kolakowski, J. Hock, J.T. Potts, Jr., H.M. Kronenberg, 
and G.V. Segre. 1991. A G protein-linked  receptor for parathyroid  hor- 
mone and  parathyroid  hormone-related  peptide.  Science  (Wash.  DC). 
254:1024-1026. 
Shukunami et al. Induction of PTHrP Receptor during Chondrogenesis  467 31. Jiippner, H., A.-B. Abou-Samra, S. Uneno, W.-X. Gu, J.T. Ports, Jr., and 
G.V. Segre. 1988. The parathyroid hormone-like peptide associated with 
humoral hypercalcemia of malignancy and parathyroid hormone bind to 
the same receptor on the plasma membrane of ROS 17/2.8 cells. Z  Biol. 
Chem. 263:8557-8560. 
32.  Karaplis, A.C.,  A.  Luz, J.  Glowacki, R.T.  Bronson,  V.LJ.  Tybulewicz, 
H.M.  Kronenberg,  and  R.C.  Mulligan. 1994.  Lethal skeletal dysplasia 
from  targeted disruption of the  parathyroid hormone-related  peptide 
gene. Gene Dev. 8:277-289. 
33.  Katagiri, T., A. Yamaguchi, M. Komaki, E. Abe, N. Takahashi, T. Ikeda, 
V. Rosen, J.M.  Wozney, A. Fujisawa-Sehara, and T. Suda.  1994. Bone 
morphogenetic protein-2 converts the differentiation pathway of C2C12 
myoblasts into the osteoblast lineage. J. Cell Biol. 127:1755-1766. 
34.  Kimura, T., M.-G. Mattei, J.W. Stevens, M.B. Goldring, Y. Ninomiya, and 
B.R. Olsen. 1989. Molecular cloning of rat and human type IX collagen 
cDNA and localization of the cd(IX) gene on the human chromosome 6. 
Eur. J. Biochem. 179:71-78. 
35.  Kingsley, D.M., A.E. Bland, J.M. Grubber, P.C. Marker, LB. Russell, N.G. 
Copeland, and N.A. Jenkins. 1992. The mouse short ear skeletal morpho- 
genesis locus is associated with defects in a bone morphogenetic member 
of the TGFI3 superfamily. Cell. 71:399-410. 
36.  Koike, T., M. Iwamoto, A. Shimazu, K. Nakashima, F. Suzuki, and Y. Kato. 
1990. Potent mitogenic effects of parathyroid hormone (PTH) on embry- 
onic chick and rabbit chondrocytes: differential effects of age on growth, 
proteoglycan, and cyclic AMP responses of cbondrocytes to PTH. J. Clin. 
Invest. 85:626~31. 
37.  Kosher, R.A., W.M. Kulyk, and S.W. Gay. 1986. Collagen gene expression 
during limb cartilage differentiation. J. Cell Biol. 102:1151-1156. 
38. Kosher, R.A., and M.P. Savage. 1980~ Studies on the possible role of cyclic 
AMP in limb morphogenesis and differentiation. J.  Embryol, Exp. Mor- 
phol. 56:91-105. 
39.  Kulyk, W.M., B. Rodgers, K. Green, and R.A. Kosher. 1989. Promotion of 
embryonic chick limb cartilage differentiation by transforming growth 
factor-[3. Dev. Biol. 135:424-430. 
40.  Kulyk, W.M., W.B. Upholt, and R.A. Kosher. 1989. Fibronectin gene ex- 
pression during limb cartilage differentiation. Development (Camb.). 106: 
449-455. 
41. Lanske, B., A. Karaplis, A. Luz, R. Mulligan, and H. Kronenberg.  1994. 
Characterization of mice homozygous for the PTH/PTHrP receptor gene 
null mutation. J. Bone Min. Res. 9 (Suppl. 1):S121. 
42.  Lee, K., J.D. Deeds, and G.V. Segre. 1995. Expression of parathyroid hor- 
mone-related peptide and its receptor messenger ribonucleic acids during 
fetal development of rats. Endocrinology. 136:453-463. 
43.  Lyons, K.M.,  R.W. Pelton, and B.L.M.  Hogan.  1990. Organogenesis and 
pattern formation in the mouse: RNA distribution patterns suggest a role 
for bone morphogenetic protein-2A (BMP-2A). Development (Camb.). 
109:833-844. 
44.  Niswander, L., C~ Tickle, A. Vogel, I. Booth, and G.R. Martin. 1993. FGF-4 
replaces the apical ectodermal ridge and directs out growth and pattern- 
ing of the limb. Cell, 75:579-587. 
45.  Oberlender, A., and R.S. Tuan.  1994. Expression and functional involve- 
ment  of  N-cadherin  in  embryonic limb chondrogenesis. Development 
(Camb.). 120:177-187. 
46. Rodgers, B.J., W.M.  Kulyk, and R.A. Kosher.  1989.  Stimulation of limb 
cartilage differentiation by cyclic AMP is dependent on cell density. Cell 
Differ. Dev. 28:179-187. 
47.  Rosen, V., J. Nove, J.J. Song, R.S. Thies, K. Cox, and J.M. Wozney. 1994. 
Responsiveness of clonal limb bud cell lines to bone morphogenetic pro- 
tein 2 reveals a sequential relationship between cartilage and bone cell 
phenotypes. Z Bone Min. Res. 9:1759-1768. 
48.  Rousseau, F., J. Bonaventure, L. Legeai-Mallet, A. Pelet, J.-M. Rozet, P. 
Maroteaux, M. Le Merrer, and A. Munnich. 1994. Mutations in the gene 
encoding fibroblast growth factor receptor-3 in achondroplasia. Nature 
(Lond.). 371:252-254. 
49. Rrvillion-Carette, F., X. Desbiens, L. Meunier, and A. Bart.  1986. Chon- 
drogenesis in mouse limb buds in vitro: effects of dibutyryl cyclic AMP 
treatment. Differentiation. 33:121-129. 
50.  Schermer, D.T., S.D.H. Chan, R. Bruce, R.A. Nissenson, W.I. Wood, and 
G.J. Strewler. 1991. Chicken parathyroid hormone-related protein and its 
expression during embryonic development. J. Bone Min. Res. 6:149-155. 
51.  Schipani, E., G. Jensen, A.M. Parfitt, and H. Jiippner. 1995. Constitutive 
active PTH/PTHrP  receptors in Jansen  metaphyseal chondrodysplasia 
(JMC): identification of a novel T410 mutation and further characteriza- 
tion of position 223. J. Bone Min. Res. 10(SuppL 1):S173. 
52.  Schipani, E., K. Kruse, and H. J~ippner. 1995. A  constitutively active mu- 
tant PTH-PTHrP receptor in Jansen-type metaphyseal chondrodysplasia. 
Science (Wash. DC). 268:98-100. 
53.  Shiang, R.,  L.M.  Thompson,  Y.-Z.  Zhu,  D.M.  Church, T.J.  Fielder, M. 
Bocian, S.T.  Winokur, and J.J.  Wasmuth. 1994. Mutations in the trans- 
membrane domain of FGFR3 cause the most common genetic form of 
dwarfism, achondroplasia. Cell. 78:335-342. 
54.  Shigeno, C., Y. Hiraki, D.P. Westerberg, and J.T.  Potts, Jr. 1988. Photoaf- 
finity labeling of parathyroid hormone receptors in clonal rat osteosar- 
coma cells. Z Biol. Chem. 263:3864-3871. 
55.  Shigeno, C., I. Yamamoto, N. Kitamura, T. Noda, K. Lee, T. Sone, K. Shi- 
omi, A. Ohtaka, N. Fujii, H. Yajima, and J. Konishi. 1988. Interaction of 
human parathyroid hormone-related peptide with parathyroid hormone 
receptors  in  clonal  rat  osteosarcoma cells. Z  Biol.  Chem.  263:18369- 
18377. 
56.  Solursh, M.  1983. Cell-cell interactions and chondrogenesis. In Cartilage. 
Vol. 2. B.K. Hall, editor. Academic Press, New York. 121-141. 
57.  Solursh, M., R.S. Reiter, P.B. Ahrens, and B.M. Vertel. 1981. Stage and po- 
sition related changes in chondrogenic response of chick embryonic wing 
mesenchyme to treatment with dibutyryl cyclic AMP. Dev. Biol. 83:9-19. 
58.  Storm, E.E,, T.V.  Huynh, N.G.  Copeland, N.A. Jenkins, D.M.  Kingsley, 
and S.-J. Lee. 1994. Limb alterations in brachypodism mice due to muta- 
tions in a new member of the TGF-13-superfamily. Nature (Lond.).  368: 
639-643. 
59.  Suzuki, F., T. Yoneda, and Y. Shimomura. 1976. Calcitonin and parathy- 
roid-hormone stimulation of acid mucopolysaccharide synthesis in cul- 
tured chondrocytes isolated from growth cartilage. FEBS Lett. 70:155- 
158. 
60. Takano, T., M. Takigawa, E. Shirai, F. Suzuki, and M. Rosenblatt. 1985. Ef- 
fects of synthetic analogs and fragments of bovine parathyroid hormone 
on adenosine 3',5'-monophosphate level, ornithine decarboxylase activ- 
ity, and glycosaminoglycan  synthesis in rabbit costal chondrocytes in cul- 
ture: structure-activity relationship. Endocrinology. 116:2536-2542. 
61. Telford, N.A., A. Hogan, C.R. Franz, and G.A. Schultz. 1990. Expression 
of genes for insulin and insulin-like  growth factors and receptors in early 
postimplantation mouse embryos and embryonal carcinoma cells. Mot. 
Reprod. Dev. 27:81-92. 
62.  Urefia, P., X.-F. Kong, A.-B. Abou-Samra, H. Jiippner, H.M. Kronenberg, 
J.T.  Potts, Jr., and G.V. Segre. 1993. Parathyroid hormone (PTH)/PTH- 
related peptide receptor messenger ribonucleic acids are widely distrib- 
uted in rat tissues. Endocrinology. 133:617-623. 
63.  van  de  Stople,  A.,  M.  Karperien,  C.W.G.M.  L6wik,  H.  Jtippner,  G.V. 
Segre, A.-B. Abou-Samra, S.W. de Laat, and L.H.K. Defize. 1993. Para- 
thyroid hormone-related peptide as an endogenous inducer of parietal 
endoderm differentiation. J. Cell Biol. 120:235-243. 
64.  Wysolmerski, J.J.,  A.E.  Broadus, J.  Zhou, E. Fuchs, L.M.  Milstone, and 
W.M.  Philbrick. 1994.  Overexpression of parathyroid hormone-related 
protein in the skin of transgenic mice interferes with hair follicle develop- 
ment. Proc.  Natl. Acad. Sci.  USA. 91:1133-1137. 
65.  ZuU, J.E., K. Youngman, and A.I. Caplan. 1981. The development of hor- 
monal responses of cultured embryonic chick limb mesenchymal cells. 
Dev. Biol. 86:61-68. 
The Journal of Cell Biology, Volume 133, 1996  468 